In this study, we determined the number of peripheral blood circulating tumor cells (CTCs) pre-and postcryosurgery in patients with colorectal cancer liver metastasis as a reference for understanding the relevance of any changes to the efficacy of cryosurgery. CTC numbers and CTC-related gene expression were measured in the peripheral blood of 55 patients with colorectal liver metastasis at 1 day before and 7 and 30 d after cryoablation using magnetic activated cell sorting (MACS) and fluorescence activated cell sorting (FACS) combined with real-time quantitative PCR (RT-qPCR). The number of CTCs decreased significantly with postoperative time (P < 0.01). Delta cycle threshold values for the CTC-related genes CEA, Ep-CAM, CK18 and CK19 increased significantly after cryoablation. Furthermore, the expression of CEA, Ep-CAM, CK18 and CK19 decreased significantly with time after cryoablation (P < 0.01). RT-qPCR and FACS combined with MACS has significant diagnostic and prognostic value for evaluating the efficacy of cryosurgery in patients with advanced colorectal cancer.
Introduction
More than 90% of cancer-related deaths are due to metastatic disease rather than the primary tumor from which it arises 1 . Among patients with colorectal cancer, 25% have detectable liver metastasis (CRLM) when first diagnosed and a further 20-30% have CRLM detected after primary resection. 2 Thus, the identification of optimal diagnostic, predictive, surgical and perioperative methods to prevent death from CRLM is of paramount importance. Colorectal cancer is the third most common cancer in men and the second most common in women worldwide. 3 About 50% of colorectal cancer patients develop metastases and a large proportion of these have CRLM; only about 20% of unresectable cancer who are able to achieve complete resection. Overall 5-year survival is 50-60%. 4 Liver resection is the only treatment associated with long-term survival in patients with CRLM. 5 For these patients, treatment has improved significantly over the past 2 decades, due principally to major advances in surgical techniques and the availability of more effective systemic therapies. 6 However, only 10-20% of patients with CRLM are considered suitable candidates for hepatic metastasectomy because of the presence of extrahepatic disease or the anatomical distribution of their disease. 7, 8 To improve the eradication of metastases, local therapy by ablation is an attractive option when resection alone is inadequate due to insufficient remaining liver volume and to avoid overextended resection in an already complex procedure. 9 It is difficult to treat these patients without surgery. Long term follow-up data suggest that cryoablation and local surgery achieve similar survival rates in patients with CRLM; moreover, cryoablation may reduce mortality rates in cancer patients. 10 Liquid nitrogen has been used to freeze and destroy cancerous tissue at the cellular level, improving the efficiency of excision of CRLM. 11 Recently, hepatic cryotherapy has emerged as a new treatment option in colorectal cancer patients with unresectable CRLM. 12 Argon-helium surgery (Cryocare System) uses ultralow temperature cryoprobes to destroy tumor cells. 13 In China, cryoablation is widely used to ablate lung, liver and kidney cancer. The Cryocare System offers distinct advantages over other cryomedical devices. It is the only device that can be used for percutaneous applications. Cryoablation as a local ablation method may be superior to surgery because it is suitable for multiple liver lesions and does not require massive resection of liver tissue. 14, 15 However, 60-70% of patients eventually relapse after treatment 16 ; therefore, the development of sensitive and robust circulating biomarkers is critical.
Circulating tumor cells (CTCs) are cancer cells shed from either the primary tumor or its metastases that circulate in the peripheral blood. CTCs may act as seeds for metastases and may indicate the spread of the disease. 17, 18 Increasingly, CTCs are being evaluated in liquid biopsies and their analysis hold great promise for the identification of patients at high risk for relapse, for the stratification of patients to specific adjuvant therapies and for monitoring response to treatment. [19] [20] [21] The number of CTCs has been shown to be an independent prognostic biomarker in small cell and non-small cell lung cancer patients 22, 23 and has been used in other epithelial cell tumors such as breast cancer, 24, 25 colorectal cancer 26 and prostate cancer. 27 Because CTCs are often present in the blood of patients with tumor metastasis, detection of CTCs in peripheral blood is strongly correlated with early metastasis. 28 The number of CTCs can also provide information on tumor biologic activity and enable real-time prediction of the prognosis of patients with distant metastases. 26, 27, 29 In this study we used flow cytometry with immune magnetic beads and real-time quantitative PCR (qPCR) to measure CTCs in the peripheral blood of patients with CRML before and after cryosurgery, to explore the value of CTCs for evaluating the prognosis of patients with CRML who undergo cryosurgery.
Materials and methods

Patients
Patients who underwent cryoablation therapy for CRML in Fuda Cancer Hospital of Jinan University Affiliated Hospital were recruited from June 2014 to September 2015. The inclusion criteria were as follows: patient shown to have malignant CRML on imaging and pathology; patient agreed to undergo cryosurgery for CRML; patient able to understand the procedure and voluntarily signed informed consent; estimated survival of > 3 months after treatment; age > 18 y and < 85 years; Karnofsky performance status score > 60 points; and no obvious anomalies on routine blood tests or in liver and kidney function. The exclusion criteria were as follows: local/systemic chemotherapy ongoing or finished no more than 15 d previously; blood coagulation disorders or severe anemia; combined with other primary tumors; and concurrent sexually transmitted disease, leprosy, AIDS, HIV infection, hepatitis, tuberculosis or parasitic blood infection. Information for the 55 patients with CRML who met the inclusion criteria is shown in Table 1 . Written informed consent was obtained from all patients before entry into the study. The protocol was approved by an institutional review board. This trial is registered at ClinicalTrials.gov as number NCT02450422.
Percutaneous cryosurgery
Comprehensive cryosurgery was performed on all 55 patients. Obvious intrahepatic masses were cryoablated as previously reported. 30, 31 Percutaneous cryoablation was performed under double-row helical computed tomography (Somatom Emotion Duo; Siemens, Munich, Germany) or color ultrasound (ALOKA SSD-5500SA; Aloka, Tokyo, Japan) guidance. All cryosurgery was performed by Dr. Lizhi Niu and assistants (Haibo Li and Feng Mu). Each procedure comprised one to 3 freeze/thaw cycles accomplished using an argon gas-based cryosurgical unit (Endocare, Irvine, CA, USA). 30, 31 Depending on the location of the metastasis, probes were inserted percutaneously under ultrasound or CT guidance; 2 or 5 mm probes or, rarely, 10 mm probes (Cryo-42; Endocare, Irvine, CA, USA) were used according to the size of the tumor. Two or more probes were used simultaneously for large lesions. Individual tumors were frozen sequentially on a tumor-by-tumor basis. The duration of freezing depended on the formation of an "iceball" visible on ultrasonography as a hypoechogenic area > 1 cm larger than the diameter of the lesion. Thawing was achieved by input of helium for a period of time equal to the freezing time before the next freezing process was begun.
Cell line
Colorectal carcinoma cell line CX-1 (Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences/Peking Union Medical College, Beijing, China) were maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum at 37 C in a humidified atmosphere with 5% CO 2 .
Preparation of blood samples
Peripheral blood samples were collected at 3 time points: 1 day before cryoablation and 7 and 30 d postoperatively. On each occasion, approximately 20 mL blood was drawn by vein puncture from the 55 patients with liver cancer treated in our hospital and from 8 healthy volunteers. Blood from the healthy volunteers was used to plot a standard curve for flow cytometry experiments. To avoid contamination with skin cells, 5 mL blood was discarded before experimental samples were taken, as previously described. The samples were stored at room temperature and processed within 6 h after collection. Briefly, mononuclear cells were separated from other blood components using human peripheral blood lymphocyte separation liquid (Tianjin Haoyang Biological Manufacture Co., Ltd, Tianjin, China) and centrifuged at 1800g for 20 min at 4 C. Interface cells were removed and washed, and red blood cells were removed using BD Pharm Lyse TM (Becton Dickinson, San Jose, CA, USA). Following further washes, mononuclear cells were counted and samples were divided into 2 for RT-qPCR and multiparameter flow cytometry experiments (each sample contained at least 2-3 £ 10 6 cells). Cell pellets were resuspended in phosphate-buffered saline (PBS) (Life Technologies, Shanghai, China) for multiparameter flow cytometry and then in TRIzol reagent following counting using a TC10
TM automatic cell count meter (Bio-Rad, Hercules, CA, USA). Live cells were stained using Trypan Blue solution (Life Technologies, Carlsbad, CA, USA) and stored at ¡70 C until needed for RNA extraction.
Flow cytometry
After separation of blood using human peripheral blood lymphocyte separation liquid, mononuclear cells were washed twice with sterile Hank's balanced salt solution (Life Technologies, Shanghai, China). Isolated cells were enriched by binding to magnetic CD326 (Ep-CAM) MicroBeads (Miltenyi Biotech Ltd, Bergisch Gladbach, Germany) using magnetic activated cell sorting (MACS). Enriched isolated cells were then labeled with monoclonal antibodies targeting the epithelial cell antigens CD45, CD326 and cytokeratin 8, 18 and 19 (Miltenyi Biotech Ltd) and incubated in the dark at room temperature for 12 min. Antibodies specific for leukocytes (CD45) labeled with phycoerythrin (10 mL), specific for epithelial cells (cytokeratin 8, 18 and 19) labeled with fluorescein isothiocyanate (10 mL) and specific for epithelial cells (CD326/Ep-CAM) labeled with allophycocyan (10 mL) were added per 7.5 mL whole blood. Cell pellets were resuspended in 500 mL PBS and counted by flow cytometry using a BD FACSCanto TM II apparatus (Becton Dickinson, San Jose, CA, USA). Cells that were CD45 negative, CK positive and CD326 positive were defined as CTCs.
RT-qPCR
Primer sequences for GAPDH (reference) 32 and the tumor markers CEA 33 Ep-CAM, 32 CK18 34 and CK19 35 were obtained from the literature and are shown in Table 2 . Primers were synthesized by Shanghai Yingweijieji Corp., Shanghai, China.
RNA was extracted from 1 mL TRIzol (Life Technologies, Carlsbad, CA, USA) that had been kept at ¡70 C. After thawing, 0.2 mL chloroform (Guangzhou Chemical Reagent Factory, Guangzhou, China) was added to the tube after centrifugation at 13,500g for 15 min at 4 C. The supernatant, containing intact RNA, was moved to a new tube then RNA precipitated with 500 mL isopropyl alcohol (Tianjin Fuyu Fine Chemical Co., Ltd, Tianjin, China) and washed with 75% ethanol (Tianjin Fuyu Fine Chemical Co., Ltd). The RNA was dissolved in 50 mL RNase-free water to the required concentration and its concentration and purity detected by Thermo Scientific Multiskan GO microplate spectrophotometer (Thermo Fisher, Shanghai, China). qPCR with SYBR Ò Green (Takara, Dalian, China) was used to detect the amplification products. For RNA synthesis by reverse transcription, cDNA template was used in the same reaction tube as used for the PCR amplification reaction. The total reaction system volume was 20 mL, including 10 mL of 2 £ One Step SYBR
C for 15 s. The PCR system was found to be stable and to have good repeatability and did not lead to any nonspecific amplification.
Statistical analysis
Data were analyzed using SPSS version 20.0 (IBM, Armonk, NY, USA) and expressed as the mean § standard deviation. Random analysis of variance was performed and P < 0.05 was considered statistically significant; P < 0.01 was considered statistically significant for expression differences. GraphPad Prism version 6.0 (GraphPad Software, Inc., San Diego, CA, USA) was used to plot all graphs.
Results
Changes in numbers of CTCs after cryotherapy
The numbers of CTCs in the peripheral blood of patients before and after cryotherapy for CRML were determined by flow cytometry. A standard curve for the determination of CTCs was generated by adding CX-1 cells to blood obtained from healthy volunteers. Analysis of serial dilutions (0.0001%, 0.001%, 0.005% and 0.05%) of human CX-1 tumor cells in normal human blood demonstrated that the lower detection limit for sensitivity of the method was 0.001%, which is one detected cell per 100,000 white blood cells (Fig. 1A-D) . Below this level, background events were unpredictable. Recovery and linearity were highly reproducible according to correlation and regression analysis (Fig. 1E ) and the number of tumor cell events recovered correlated positively with the expected number of tumor cell events based on the serial dilutions (R 2 D 0.9997). Peripheral blood CTCs were analyzed in all 55 patients before and after cryosurgical treatment for CRML (Fig. 2) . At 1 day before cryoablation (baseline), the mean number of CTCs was 23.69 § 9.593; the mean numbers at 7 d and 30 d after the procedure were 19.29 § 9.506 and 12.62 § 6.178, respectively. Random analysis of variance (Table 3) showed that CTC numbers were decreased significantly at 7 and 30 d after cryoablation (P < 0.01 vs baseline). increased from 2.68 § 5.506 to 6.09 § 4.851 and 9.06 § 6.005. Random analysis of variance (Fig. 3) showed that the 4Ct values for the CTC markers were increased significantly at 7 and 30 d after cryoablation (P < 0.01 vs baseline).
Changes in tumor marker gene expression after cryotherapy
Tumor marker-related gene expression before and after cryotherapy was analyzed using the 2 ¡44Ct method. ¡44Ct values for the target genes were less than 1, demonstrating that the expression of CTC markers decreased with time after treatment (Fig. 4) .
Discussion
Identification of an effective method for the diagnosis and treatment of locally advanced colorectal cancer is important. CTCs are increasingly being evaluated in liquid biopsies and CTC analysis holds great promise for the identification of patients at high risk for relapse, for the stratification of patients to specific adjuvant therapies and for monitoring response to treatment. [19] [20] [21] Dynamic detection of peripheral blood CTCs is a promising prognostic indicator for cancer patients. This technique allows early identification of groups at high risk for recurrence, thus reducing the risk of tumor recurrence and significantly improving survival rates. The technology for CTC isolation and identification has developed rapidly in recent years, with FACS combined with MACS being the most widely used approach. This method can be used for sorting and quantitative analysis of single cells or other biological particles at the functional level. Detection of CTCs in human peripheral blood using flow cytometry approaches relies on the expression of epithelial cellspecific markers such as cytokeratins, which are expressed on epithelial cells but not on leukocytes. 36 Cytokeratins are proteins comprising keratin-containing intermediate filaments in the intracytoplasmic cytoskeleton; their expression primarily depends on the type of epithelium, the time point in the course of terminal differentiation and the stage of development.
37
CD326 (Ep-CAM) is another common surface marker for positive selection of cell populations, 38 whereas a specific leukocyte surface marker (CD45) is used for negative selection 39 of white blood cells. Thus, in the present study CTCs were defined as CD45
C cells on the basis of flow cytometry. Cryoablation as a local ablation treatment method has the advantage of treating multiple liver lesions and does not require massive resection of liver tissue comparing with surgery. Unfortunately, there are still a majority of patients eventually relapse after treatment. CTCs as a robust method of circulating biomarker maybe can monitoring the process of cryoablation P1  21  13  7  P2  33  22  12  P3  22  18  11  P4  32  19  14  P5  29  33  16  P6  21  15  12  P7  19  22  10  P8  22  14  5  P9  18  12  10  P10  25  24  14  P11  32  17  11  P12  25  14  8  P13  17  20  14  P14  8  6  13  P15  48  31  11  P16  26  28  22  P17  17  14  12  P18  24  21  16  P19  31  34  25  P20  23  20  11  P21  24  16  10  P22  36  23  24  P23  26  19  15  P24  35  28  30  P25  0  1  0  P26  31  16  12  P27  37  17  13  P28  26  13  14  P29  23  16  17  P30  14  12  8  P31  28  20  16  P32  36  21  20  P33  34  23  13  P34  27  31  11  P35  35  41  20  P36  24  15  12  P37  23  24  9  P38  26  15  15  P39  29  16  11  P40  21  12  5  P41  28  36  17  P42  41  47  22  P43  29  31  17  P44  13  7  3  P45  0  0  0  P46  21  28  5  P47  27  31  10  P48  15  9  5  P49  0  0  0  P50  18  21  9  P51  20  16  12  P52  16  17  19  P53  12  9  11  P54  14  16  13  P55  21  17  22 treatment. However, in recent years, there are seldom research in this region. We used the above-mentioned method to measure CTCs in the peripheral blood of 55 patients with CRML before and after cryoablation therapy. We found that the number of peripheral blood CTCs had decreased significantly at 7 and 30 d after cryoablation (P < 0.01). It is suggested that enumeration of peripheral blood CTCs can be used to evaluate the efficacy of cryosurgery. Previous meta-analyses 40 have shown that CTCs are correlated with tumor size, with small tumors being associated with failure to detect CTCs in peripheral blood. The decline of CTC numbers after cryosurgery may be related to shrinkage of the tumor mass. Tumor tissue shrinks after cryoablation, with most tumor cells damaged and dying, which reduces the number of CTCs released from the lesion into the blood. The decrease of CTCs observed in the present study may therefore reflect the efficacy of the cryosurgery. Although argon-helium knife cryoablation is commonly used to treat CRML in China, there is still no effective method for evaluation of the curative effect of this treatment. The results of our study may provide a new and robust reference for the assessment of cryosurgery for CRML.
At 7 d after surgery, the number of CTCs in peripheral blood was increased compared with the preoperative number in 17/55 patients (30.91%), but all patients exhibited a marked decrease at 30 d after surgery (Fig. 5) . This phenomenon may be explained by the immunologic response to cryoablation. Cryoablation of tumor tissue causes cells to undergo coagulative necrosis. On thawing, necrotic tumor cells within the iceball release intact tumor antigens, proinflammatory cytokines, nuclear proteins and high-mobility group box protein 1, which stimulate the innate immune response and attract granulocytes, macrophages and natural killer cells. These cells release cytokines and chemokines after activation. Dendritic cells, the professional antigen-presenting cells, then reach the damaged tissue and take up tumor antigens in a background of inflammation and abundant cytokines. 41 By contrast, cells at the periphery of the ice-ball die through apoptosis. Recognition and phagocytosis of apoptotic cells prevents them releasing their intracellular contents, inhibiting the release of proinflammatory cytokines. Antigens are presented in the absence of an immune stimulus, leading to immune tolerance. Thus, the ratio of necrosis to apoptosis might play a critical role in determining the stimulatory or suppressive nature of the immune response to cryoablation. 42 The speed of freezing could also play a role in determining the immunologic effects of cryoablation. 42 High speed freezing causes necrosis and activates the immune response; low speed freezing leads to a reduced necrosis:apoptosis ratio resulting in immune suppression. Additionally, when a large amount of tumor is frozen, the large quantities of immune complexes generated may cause "high zone tolerance," or antigen overloading that may lead to immunosuppression. 43 As a result, in patients undergoing cryotherapy, an immunosuppressive effect early after the procedure may reduce immune system function so that the number of CTCs detected in peripheral blood is reduced, whereas later (30 d after cryosurgery) immune stimulation increases immune system function so that the number of CTCs detected is increased. However, although the timing of these immune status changes is clear according to our findings, the specific mechanism of the immune stimulatory and immunosuppressive effects at different time points after cryosurgery is unclear and will be explored in our future research.
RT-qPCR is a commonly used and effective method for measuring gene expression and detecting CTCs. It is highly sensitive, quantitative, rapid and non-polluting, and enables monitoring in real time. RT-qPCR also overcomes the high rate of false positive findings that can be a problem with traditional PCR-based methods. In the present study, we used RT-qPCR to measure expression of the reference gene GADPH along with the metastasis-associated markers MAGE-3, Survivin and CEA in CTCs from 55 patients with locally advanced hepatocellular carcinoma before and after cryotherapy. CTC gene expression in peripheral blood was decreased following cryosurgery (P < 0.01), indicating effective control of recurrence and/or metastasis following this therapeutic intervention. Patients with high expression of these CTC markers are likely to have a poor prognosis, with progression of recurrence and/or metastasis. Both immunocytochemistry and RT-qPCR have limitations in the detection and characterization of CTCs and neither approach leads to direct isolation of CTCs. These methods are typically inadequate for any type of functional characterization because they require a cell fixation step; thus, it is impossible to collect viable CTCs and explore their function. Moreover, surface markers of cancer cells vary with the processes of metastasis such as epithelial-mesenchymal transition, 44 so the methods of enrichment and detection need to be improved to investigate the total amount and characterization of CTCs in peripheral blood.
How to monitor the progress of disease and treat it in a timely manner in patients with CRML is a challenging task. Many tumor treatments involve local surgical excision of lesions; the initial results are often promising, but recurrence and/or metastasis can occur and eradication of all cancerous cells can be very difficult to achieve. Like all existing cancer treatments, cryosurgery is not perfect, but it provides a method for the treatment of CRML. The possible immune system changes following cryosurgery could influence the therapeutic outcome if this approach were to be combined with an auxiliary treatment such as immunotherapy. 45 In the future, evaluation of CTCs may become a new, noninvasive method for the early detection of cancers and/or re-examination following surgery and postoperative radio-and chemotherapy; it may even become as common and reliable a method of examination as radiology. Survival analysis of patients after follow-up may help in predicting prognosis.
In conclusion, dynamic monitoring of CTCs may be a useful biomarker for evaluating the efficacy of cryosurgery for CRML.
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